To investigate whether moderate physical activity or snack intake influence appetite sensations and subsequent food intake in obese women. Associations between serum leptin and appetite ratings were also investigated. METHODS: In all, 10 obese women (mean age7s.d.: 50.078.5 y; mean body mass index (BMI)7s.d.: 37.276.5 kg m À2 ) were submitted in random order to three trials: Moderate physical activity (20 min brisk walking), Snack (58.5 g chocolatebased) and Control (sitting, TV-watching). Appetite and satiety were assessed by visual analogue scales, and serum leptin, blood glucose and plasma free fatty acids were measured at baseline, pre-and postintervention and 1 h postintervention (ie, before dinner). A buffet-style dinner was provided subsequent to the three trials. RESULTS: The moderate physical activity and snack intake both produced lower appetite and higher satiety and fullness perceptions, compared to control, following the intervention. No significant differences were found in subsequent food intake. Serum leptin concentrations did not differ between trials. Serum leptin was not associated with appetite or satiety sensations at any time during the control or the snack trials, but was correlated following moderate physical activity (prospective food consumption r s ¼ À0.83, P ¼ 0.003; hunger r s ¼ À0.79, P ¼ 0.007; desire to eat r s ¼ À0.69, P ¼ 0.02; satiety r s ¼ 0.71, P ¼ 0.02; fullness r s ¼ 0.66, P ¼ 0.04). These associations were not influenced by BMI or fat mass. CONCLUSIONS: Moderate physical activity and snack intake suppress the appetite of obese women acutely. The associations between circulating leptin and appetite-satiety ratings suggest leptin involvement in short-term appetite regulation in response to physical activity-induced factors.
Introduction
A physiological function for leptin in appetite regulation is supported by findings both in mouse and man. Animal studies have demonstrated that administration of leptin, either peripherally or centrally, reduces food intake and body mass in congenitally obese leptin-deficient ob/ob mice but not in mice with mutations in the ob-receptor (db/db mice). 1 In humans, obese patients with ob-gene or ob-receptor mutations are severely obese and hyperphagic, 1 and leptindeficient children are reported to respond to treatment with leptin. 2 However, the role of leptin in common obesity (without ob-gene or ob-receptor abnormalities) is unclear.
Appetite regulation involves interactions of many psychobiological systems. 3 Leptin is only a part of a complex peripheral and central circuit and probably not a dominant one in the fed state although it may become more important during starvation. 4 Obese individuals have high circulating leptin concentrations, suggesting normal leptin synthesis and secretion, 5 but
show weak appetite control during the process of weight gain.
As such, obese individuals show little or no response to exogenous leptin administration 6 and have therefore been considered 'leptin resistant'. 7 Other factors must therefore explain the 'uncoupling' of leptin to appetite in obese individuals. As the increase in obesity in recent years is linked to an excessive food intake relative to a reduced physical activity, 8, 9 overeating and inactivity may therefore be responsible, in part at least, for this 'uncoupling' of leptin to appetite. Previous studies have used several eating or diet and exercise interventions in an attempt to induce changes in circulating leptin concentrations to investigate the link between serum leptin and appetite regulation. [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] These studies found no relationship between circulating leptin concentrations and appetite sensations acutely after a meal in normal weight or obese individuals 16, 17 or during 20 min food exposure in obese individuals. 18 Serum leptin was found to correlate with appetite sensations only during weight loss or maintenance induced by diet and exercise in obese individuals. 14, 16, 19 As such, leptin has been considered as a long-term regulator of appetite during prolonged energy deficits where, presumably, signals increased appetite and food intake to restore fat loss. However, many studies have reported that mixed or carbohydrate-rich meals increase serum leptin concentrations, 10, 12, 13, 15, 21, 22 indicating that food intake regulates leptin secretion in the short-term.
Fasting for 52-72 h has also been found to decrease leptin concentration, while an increase in circulating leptin was reported after overfeeding (12 h) without marked weight changes in normal weight and obese individuals. 11, 20, 23 Moreover, acute exercise interventions have involved highintensity exercise and examined only the effects of exercise on leptin synthesis and/or secretion in normal weight or overweight men. [24] [25] [26] [27] [28] The purpose of the present study, therefore, was to investigate the effects of more moderate physical activity and eating interventions, similar to those encountered in normal living, on short-term appetite sensations. This was achieved by investigating the effect of moderate physical activity in the form of brisk walking and a modest snack on appetite sensations and on subsequent food intake in obese women. The association between serum leptin concentration and appetite sensations after moderate physical activity and snack was also investigated.
Methods

Subjects
In all, 10 obese but otherwise healthy women (Table 1) gave their written informed consent to take part in the study, which was approved by the Glasgow Royal Infirmary Research Ethics Committee. Of the 10 women, five were pre-and five were postmenopausal. All subjects were in good physical and mental health, nonsmokers, not on any medication known to affect appetite, not known to be anaemic or hyperlipidaemic and not on a special diet.
Experimental design and protocol
Subjects were first familiarised with the appetite questionnaire 29 and kept food and physical activity records for 2 days preceding the first experimental trial and up to arrival at the laboratory. These food and activity patterns were replicated before subsequent trials. Household measures (ie, glasses, cupfuls, tablespoons, slices, etc) were used to quantify food and drink consumption. Subjects took part in three experimental trials: Moderate physical activity, Snack and Control. The order of the three trials was randomised across subjects in a counterbalanced Latin-square design. There was an interval of at least 2 days between trials, and all trials were performed within 2 weeks for each subject. The study design is represented diagrammatically in Figure 1 . On each of the three study days, subjects visited the laboratory approximately 2.5 h after having consumed a standard lunch. Upon arrival at the laboratory, body mass and height were recorded and percentage body fat and fat-free mass were measured using a Bodystat-1500 Bioimpedance analyser (Bodystat Ltd., Isle of Man). 30 Following this, subjects rested in a seated position for 10 min, and a baseline, venous blood sample (À60 min) was then taken. The cannula was kept patent by a slow (ca. 0.5 ml min
À1
) infusion of isotonic saline. Serial blood samples (10 ml) were drawn at 0, 30 and 90 min. Subjects remained seated and relaxed for at least 10 min prior to each blood sample. A set of self-rating 100-mm visual analogue scales for hunger, desire to eat, prospective food consumption, satiety and fullness 29 was completed after each blood sample. Within-subject comparisons are suggested to provide the best use of visual analogue scales, eliminating the intersubject variation in appetite response. 31 Throughout each trial, subjects were seated in a comfortable environment and watched food-related videotapes for Coupling between leptin and appetite-satiety measures F Tsofliou et al the first hour. For each trial, there was a set of videotapes demonstrating recipes of appetizing foods. Food-related videotapes were intended to direct participants attention towards food and eating, to stimulate a familiar form of home entertainment that might distract subjects and reduce eating restraint. 32 Subjects were required to remain seated for 30 min (Control trial) or were served a Snack (58.5 g chocolate-based snack: 1189 kJ (284 kcal), 36.0 g carbohydrate, 13.6 g fat, 4.6 g protein) and asked to consume it within 20 min while remaining seated (snack trial) or were asked to walk at a brisk pace for 20 min (Moderate physical activity trial). The television was switched off for 30 min during each intervention. Following each intervention, subjects continued to watch food-related videotapes for another 1 h. Subjects were then served a buffet-type dinner comprising 10 food items. At dinner, subjects were asked to eat as much as they wanted within 1 h. Subjects ate alone and nonsupervised during the buffet dinner because the number of people present at a meal has been established to influence the amount eaten in a meal. 33 All food items were weighed before eating, and the leftovers were weighed again at the end of the dinner. Each subject's selection from the buffet dinner was analysed for energy intake and macronutrient content using a computerised version of McCance and Widdowson's food composition tables. 34 Water was provided upon request at the first trial and subjects were asked to replicate the amount drunk during the following two trials. Prior to the study, subjects were asked about food likes and dislikes to define the snack and the buffet meal, which all subjects would like. The brisk walking was performed indoors under supervision in the Clinical Investigation Unit of the Department of Human Nutrition. Heart rate was measured (Polar Sport Tester, Polar Electro OY, Kempele, Finland) and ratings of perceived exertion (RPE) 35 recorded separately for breathlessness and leg exertion at 5 min intervals during the exercise. Subjects were instructed to maintain a level of exertion of approximately 13 on the RPE scale (ie, corresponding to 'somewhat hard'). Heart rate at rest and at the end of the moderate physical activity intervention was 8076 and 123718 b min
, respectively (mean7s.d.). Subjective perceived exertion was somewhat hard (1472) at the end of the moderate physical activity.
Blood treatment and analyses
Venous blood was collected into K 3 EDTA vacutainers for the measurement of blood glucose and plasma-free fatty acids (FFA) and into clot activator vacutainers for serum leptin measurement. Duplicate aliquots (400 ml) of whole blood from the K 3 EDTA tube were rapidly deproteinised in 800 ml of ice-cold 0.3 mol l À1 perchloric acid; following centrifugation, the supernatant was used for the measurement of glucose. 36 The remaining plasma supernatant was separated and stored at À201C and later used for the measurement of FFA (colorimetric method, Boehringer Mannheim Biochemica, London, UK). Blood collected into the clot activator vacutainer was allowed to clot for 10 min. Following centrifugation, the serum was stored at À701C and subsequently analysed for leptin by radioimmunoassay. 
Results
Effects on self-reported appetite-satiety measures and subsequent dietary intake Profiles of hunger, desire to eat, prospective food consumption, fullness and satiety throughout each trial are shown in Figure 2 . The moderate physical activity and snack interventions both induced significantly higher perceptions of satiety and fullness compared to control; ratings were significantly higher compared to control immediately after the moderate physical activity (P ¼ 0.01 satiety; P ¼ 0.02 fullness) and snack intervention (30 min) (P ¼ 0.01 satiety; P ¼ 0.01 fullness). Only in the moderate physical activity trial was satiety still significantly higher 1 h after the intervention (90 min) compared to control (P ¼ 0.02). Significant suppression of hunger was found immediately after the snack intervention (30 min) compared to control (P ¼ 0.01) and moderate physical activity (P ¼ 0.03). Desire to eat and prospective food consumption were significantly lower immediately after the snack intervention (30 min) compared to control (P ¼ 0.01 desire to eat; P ¼ 0.01 prospective food consumption), but only desire to eat was still suppressed 1 h after the snack intervention (90 min) (P ¼ 0.01). Desire to eat and prospective food consumption were also significantly lower immediately after the moderate physical activity intervention (30 min) compared to control (P ¼ 0.03 desire to eat; P ¼ 0.009 prospective food consumption). 
Correlations between biochemical measures and self-reported appetite-satiety measures
No significant correlations were found between serum leptin and appetite or satiety ratings at any time in the control or the snack trial. Only in the moderate physical activity trial was serum leptin concentration significantly correlated with prospective food consumption immediately after intervention (30 min) (r s ¼ À0.83, P ¼ 0.003). Additionally, 1 h after the moderate physical activity intervention (90 min), serum leptin concentrations were significantly correlated with appetite or satiety ratings (hunger r s ¼ À0.79, P ¼ 0.007; desire to eat r s ¼ À0.69, P ¼ 0.02; satiety r s ¼ 0.71, P ¼ 0.02; fullness r s ¼ 0.66, P ¼ 0.04) (Figure 3) . The associations between leptin and appetite-satiety ratings found immediately after and 1 h after the moderate physical activity intervention remained significant when circulating leptin concentrations were adjusted for adiposity by dividing by BMI (30 min hunger r s ¼ À0.75, P ¼ 0.01; desire to eat r s ¼ À0.75, P ¼ 0.01; prospective food consumption r s ¼ À0.86, P ¼ 0.002; 90 min hunger r s ¼ À0.74, P ¼ 0.01; satiety r s ¼ 0.67, P ¼ 0.03; fullness r s ¼ 0.66, P ¼ 0.04). The associations also remained significant when serum leptin concentrations were adjusted for fat mass (30 min hunger r s ¼ À0.71, P ¼ 0.02; desire to eat r s ¼ À0.71, P ¼ 0.02; prospective food consumption r s ¼ À0.84, P ¼ 0.002; 90 min hunger r s ¼ À0.74, P ¼ 0.01; satiety r s ¼ 0.67, P ¼ 0.03; fullness r s ¼ 0.66, P ¼ 0.04).
Discussion
The study used brisk walking and a chocolate-based snack, in an attempt to replicate typical physical activity and eating Figure 2 Median profiles of self-reported appetite-satiety ratings under the Moderate physical activity ('), Snack (m) and Control (K) trials; data were analysed using Kruskal-Wallis test followed by Wilcoxon-signed rank test to determine the differences in ratings between trials. *, w, z indicate significant differences between trials, Po0.05 (*Moderate physical activity vs Control; Coupling between leptin and appetite-satiety measures F Tsofliou et al behaviours, to investigate the effects on appetite and on associations between serum leptin and appetite. Associations between circulating leptin and suppressed appetite or elevated satiety were found following a bout of moderate physical activity, but not at any time point during the snack or the control conditions.
In other studies of leptin and appetite, circulating leptin concentrations have been associated with appetite or fullness perceptions, but only in fasting obese or postobese individuals and during weight loss or maintenance produced by diet or diet and aerobic exercise. 14, 16, 19 These observations support the view that leptin regulates appetite centrally only after sustained fat loss to re-establish fat homeostasis in fat tissue. 38 In contrast, during the process of weight gain, high serum leptin concentrations are closely related to body fat, 5 but are not usually coupled with appetite suppression in obese individuals. Therefore, serum leptin has not been considered to play a role in short-term appetite processes, or there is possibly some form of 'resistance' to short-term central actions of leptin in human obesity. However, the present study indicates that circulating leptin may indeed be involved in short-term appetite regulation in obese individuals but only after physical activity. Therefore, physical activity-induced factor(s) may be responsible for the observed 'coupling' of leptin to appetite. The moderate physical activity employed in the present study, as expected, did not affect circulating leptin concentrations. Only extreme exercise (2-3.5 h marathon running, 2 h of strenuous cycling) is known to decrease plasma leptin concentrations. [24] [25] [26] It is likely that physical activity could influence leptin transport into the brain, which could explain the 'coupling' of leptin to appetite found after a bout of moderate-intensity physical activity. Some studies have suggested impaired leptin transport across the bloodbrain barrier in animals 39 and probably in humans 7 residing in an 'obesigenic' environment (ie, increased food intake and/or physical inactivity). This reduced transport of leptin into the brain is proposed as a possible mechanism for leptin 'resistance' in obesity. An exercise effect on leptin transport into the brain has not been investigated in humans, but animal findings indicate enhanced leptin transport into the brain mediated by elevated circulating adrenaline concentrations. 40 Plasma catecholamines were not measured in the present study. However, increased plasma FFA Coupling between leptin and appetite-satiety measures F Tsofliou et al concentrations were found after the moderate physical activity (average FFA 1.2 mmol l À1 ), which is indicative of adrenaline-stimulated lipolysis. 41 Catecholamines have been recognised as important modulators of leptin production and secretion, 42, 43 but whether they could regulate leptin uptake into the brain in humans is unknown. If catecholamines are responsible for the 'coupling' of circulating leptin to satiety following moderate physical activity, then this begins to unravel a mechanism by which physical activityinduced factors may influence appetite by enhancing leptin transport into the brain. Leptin has been suggested to have a particular function in the hunger drive under starvation conditions, 44 but may have a more extended physiological role. It is possible that individuals predisposed to obesity may need greater physical activity than others, in order for serum leptin to be transported into the brain efficiently and curtail appetite. Circulating catecholamine concentrations are also increased after carbohydrate-rich meals in parallel with serum leptin concentrations, 21, 45, 46 and a positive association has been found between the elevated circulating leptin and catecholamine concentrations after a carbohydrate-rich diet. 21 Food intake, and predominantly carbohydrate intake, stimulates leptin secretion, 10, 12, 13, 15, 21, 22 but no association has been found between the increased serum leptin concentrations and the heightened postprandial satiety in the short term (up to 9 h postprandially) in lean or postobese individuals. 21, 22 In the context of weight management for obesity, physical activity or exercise alone are better linked with weight maintenance than with enhanced weight reduction. 47, 48 The present results indicated very consistently that obese individuals who engage in 20 min of moderate physical activity during the course of the day could improve acute appetite control and avoid the caloric burden of snacking.
The numbers in the current study were small increasing the chance of type 2 errors but there was no previous source of bias, which might confound these results. Baseline measures of appetite and satiety sensations and of biochemical variables were not different between subjects in the three trial conditions. This indicates subjects adherence to instructions to standardise diet and physical activity for 2 days prior to each study day. The consumption of a modest snack (1189 kJ) produced lower feelings of appetite and higher satiety-fullness perceptions, as expected, but did not decrease subsequent food intake. Similarly, a short bout of brisk walking, equivalent to approximately 502 kJ energy cost, increased satiety-fullness perceptions transiently, and most importantly did not increase the subsequent food intake. Moderate-intensity physical activities can be adopted by obese individuals to promote satiety and are more likely to be continued than high-intensity physical activities. 49 The present study assessed appetite and satiety in relation to snacking or moderate physical activity in the afternoon and evening. Most previous research has been conducted with the morning fasting state as baseline, but it is in the afternoon or evening that most obese individuals tend to report higher food intake. 50 Snack intake did not decrease the subsequent food intake, and serum leptin concentrations in accordance with previous studies 16, 17, 22 were not associated with post-snack satiety ratings. Hence, circulating leptin concentrations do not appear to be primary regulators of short-term satiety following a meal. The observations that moderate physical activity can suppress appetite without increasing subsequent food intake supports the view that the apparent urge to eat, experienced by obese women, may be a misinterpreted signal of boredom while physically inactive. However, studies in normal weight individuals are needed to explore this possibility. The present results suggest that moderate physical activity could be used to prolong mealinduced satiety and suppress the drive to eat during the early postprandial phase, that is, the period of 'readiness to eat'. 'Readiness to eat' appears to be resumed soon after meal cessation, when there is still relative satiation and before appetite has developed. The results of the present study extend our understanding of the role of moderate physical activity in appetite regulation and obesity prevention. Physical activity may have a permissive role, allowing effective signalling from a high leptin concentration to curtail appetite. This could explain, firstly, the paradoxical finding of deregulation of appetite during chronic inactivity. 51 Secondly, it provides a mechanism as to why inactivity (ie, watching television, often in the afternoon and/or evening) is having such pervasive effects on appetite and body weight regulation, 9 possibly by an 'uncoupling' of circulating leptin to appetite control. Additionally, the present findings may offer an explanation for the disappointing results in clinical trials with recombinant human leptin administration, which alone, provides little benefit in obesity treatment. 52 
